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Cells Display Enhanced Clonogenicity but Impaired
Differentiation With Hypoxic Preconditioning
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ABSTRACT

Stem cells are promising candidate cells for regenerative applications because they possess high pro-
liferative capacity and the potential to differentiate into other cell types. Mesenchymal stem cells
(MSCs) are easily sourced but do not retain their proliferative and multilineage differentiative capa-
bilities after prolonged ex vivo propagation. We investigated the use of hypoxia as a preconditioning
agent and in differentiating cultures to enhanceMSC function. Culture in 5% ambient O2 consistently
enhanced clonogenic potential of primary MSCs from all donors tested. We determined that en-
hanced clonogenicity was attributable to increased proliferation, increased vascular endothelial
growth factor secretion, and increased matrix turnover. Hypoxia did not impact the incidence of cell
death. Application of hypoxia to osteogenic cultures resulted in enhanced total mineral deposition,
although this effectwas detected only inMSCs preconditioned in normoxic conditions. Osteogenesis-
associated genes were upregulated in hypoxia, and alkaline phosphatase activity was enhanced. Adi-
pogenic differentiation was inhibited by exposure to hypoxia during differentiation. Chondrogenesis
in three-dimensional pellet cultures was inhibited by preconditioning with hypoxia. However, in cul-
tures expanded under normoxia, hypoxia applied during subsequent pellet culture enhanced chon-
drogenesis. Whereas hypoxic preconditioning appears to be an excellent way to expand a highly
clonogenic progenitor pool, our findings suggest that it may blunt the differentiation potential of
MSCs, compromising their utility for regenerative tissue engineering. Exposure to hypoxia during dif-
ferentiation (post-normoxic expansion), however, appears to result in a greater quantity of functional
osteoblasts and chondrocytes and ultimately a larger quantity of high-quality differentiated tissue.
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INTRODUCTION

Adult mesenchymal stem cells (MSCs) are consid-
ered highly promising candidate cells for regener-
ative applications because they possess a high
proliferative capacity and the potential to differ-
entiate into other cell types [1–4]. MSCs are also
actively investigated for clinical use as gene deliv-
ery agents to enhance tissue regeneration, de-
stroy cancer cells, and regenerate cartilage and
bone [5].

It has been suggested that the high plasticity
of adult MSCs, which makes them an attractive
candidate for cell-based therapies, is the result
of low-level expression of a variety of gene fam-
ilies that characterize differentiated progeny,
endowing them with a state of readiness to dif-
ferentiate along one direction or another, depend-
ing on external cues [6]. Hypoxia is a critical
external cue inmesenchymal progenitor fate start-
ing as early as embryogenesis. A notable exam-
ple of this is formation of the early skeleton, in
which chondrogenic differentiation of limbmes-
enchyma is initiated by hypoxic niches formed

when embryonic blood vessels regress from sites
of mesenchymal cell condensation [7–11]. MSCs
are hypothesized to persist in the adult for tissue
repair and remodeling, among other functions, in
perivascular niches throughout the body [12].

One invivoniche forMSCs is thebonemarrow,
in which oxygen concentration has been reported
to vary from 7% to less than 1% [13–15]. However,
bone marrow-derived MSCs are frequently cul-
tured at atmospheric oxygen (20%–21% O2) in the
laboratory. The evolved defenses of MSCs against
oxidative stress may be overwhelmed by the level
of free radicals generated in these culture condi-
tions, leading todecreasedutility of these cells after
expansion in vitro [15]. Many studies have thus ex-
plored theeffectsof lowoxygenonMSCs relative to
atmospheric oxygen, with highly variable results.
Definitions of hypoxia vary in these studies, with
different groups defining hypoxia at oxygen con-
centrations ranging from less than 1% O2 to 8%
O2 [16]. MSCs are cultured under widely varying
conditions,with different laboratories using differ-
ent isolation methods, selection markers, culture
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media, supplements, oxygen tensions, and differentiation induc-
tion strategies [17]. Compounding this lack of consistency in the
field is the heterogeneous nature of MSCs themselves, which per-
haps reflects their high plasticity, or perhaps reflects multiple
related cell types. Many studies on the effect of oxygen concen-
tration on MSC differentiation investigate only one lineage,
such as adipogenesis. Given the lack of consistentmethodology,
it is difficult to compare these studies with one other.

Learninghow to appropriately tune contextual cues for differ-
entiation in synchrony, of which oxygen tension is only one, to re-
capitulate microenvironments present during development may
yield a more desirable tissue-engineered product than empiric
manipulation of one variable in response to a single or limited
set of outcome measures. With this motivation we undertook
a comprehensive characterization of the effects of hypoxia on
MSC differentiation along three commonly studied lineages as
well as on their phenotype and other cell functions. This would
allow us to observe the effects of hypoxia on various measures
of potency and stemness from the same starting conditions. Be-
cause our primary interest is cartilage tissue engineering, we se-
lected 5%ambient oxygen for our hypoxic condition, as one study
that examined MSC chondrogenic differentiation at 0%–35% O2

found 5% O2 to be optimal [9].
InhumanMSCs theeffectsofhypoxiahavebeen testedexten-

sively with varying results. There is general agreement that hyp-
oxia enhances proliferation of humanMSCs; this has been shown
at oxygen tensions varying from 1% to 5% [18–23]. However,
there are studies that have shown decreased proliferation at
low oxygen levels. In one such study, platelet lysate and fresh fro-
zen plasma were used as culture supplements in lieu of serum,
and MSCs were isolated from pediatric patients, whereas most
studies of hypoxia in human MSCs have been performed with
adult-derived cells [24].

In terms of human MSC differentiation, some studies have
demonstrated inhibition of differentiation along adipogenic and
osteogenic lineages under hypoxic conditions (1%–3% O2) [13,
24–27], and others found adipogenic and osteogenic differentia-
tion potential in hypoxic conditions (1.5%–3% O2) comparable to
normoxia [24, 28].With regard to chondrogenic differentiation po-
tential, several studies showed that hypoxia as a preconditioning
agent results in preservation of chondrogenic differentiation po-
tential or enrichment for chondrogenic progenitors during ex vivo
expansion,but thereare fewer studiesdetailing the isolatedeffects
of hypoxia on MSCs during induction of chondrogenic differentia-
tion [29]. Some studies have reported that hypoxia (1%–5% O2)
enhanced chondrogenesis in pellet cultures of MSCs relative to
21% O2 [25, 28, 30–32]; however, hypoxia did not enhance chon-
drogenesis in pellet cultures in other studies, with optimal chon-
drogenic conditions achieved at higher oxygen concentrations
(15%–20%) [33, 34]. The variability in results from humanMSCs
is frequently attributed to interindividual differences in patient
samples.

Our study originally arose from curiosity about why colony-
forming unit fibroblasts (CFU-Fs) arise in greater numbers when
MSCs are cultured under hypoxic conditions in our and other lab-
oratories. Hypoxia-mediated increase ofMSC colony formation has
been shown to be hypoxia-inducible factor (HIF)-independent [35].
Numerous factors contribute to the size and number of colonies in
a 14-day CFU-F assay, among them (a) cell proliferation, (b) cell
death, (c) cell migration, (d) growth factor secretion (which in turn
affects cell proliferation), and (e) matrix turnover (which in turn

affects cell migration). In this study, we sought to address each
of these factors in MSCs cultured under hypoxic (5% O2) and nor-
moxic (21% O2) conditions.

We then investigated the effects of steady-state hypoxia on
differentiation. Many studies have addressed the use of hypoxia
in preconditioning before differentiating MSCs under normoxic
conditions. Preconditioning with hypoxia would be an easy, inex-
pensive, and theoretically benignapproach formaximizingexpan-
sion of a progenitor pool before differentiation, expanding the
clinical use of autologous MSCs, provided differentiation poten-
tial is preserved during hypoxic preconditioning. Our objective
in this study was to address this question of whether differentia-
tion potential is preserved if MSCs are cultured (preconditioned)
under hypoxic conditions, and then compare this with MSCs
cultured in normoxic conditions and to do so in osteogenic, adi-
pogenic, and chondrogenic lineages within the same study. Ad-
ditionally, we wanted to address the effect of hypoxia during
the differentiation stage.

Several studies have demonstrated the negative impact of
hypoxia on osteogenic potential of MSCs [24, 26, 35–38]. One
study using an approach similar to ours demonstrated enhanced
chondrogenesis under normoxic conditions as a result of hypoxic
preconditioning (5% O2); however, this study was performed us-
ing ovine, not human,MSCs and examined differentiation to only
one lineage [39]. The same group published another study dem-
onstrating this enhancement held true in three-dimensional (3D)
collagen hydrogel cultures as well as pellet cultures [40]. Similar
results for chondrogenesis have been obtained in 3D micromass
cultureswithmurine adipose-derivedmesenchymal stemcells; in
that study, osteogenesis was inhibited by hypoxic precondition-
ing [29]. Adipogenic differentiation potential has been shown
to be enhanced by hypoxic preconditioning (2% O2) in murine
MSCs [41].

MATERIALS AND METHODS

Cell Culture

MSCs were harvested from consenting arthroplasty patients
with Institutional Review Board approval, as described by Baksh
et al. [42]. Adherent passage 0 MSCs were cultured in growth
medium consisting of high-glucose Dulbecco’s modified Eagle’s
medium (DMEM;Gibco/Invitrogen,Grand Island,NY, http://www.
lifetechnologies.com/ipac/en/home/brands/gibco.html) with
antibiotic-antimycotic (Gibco/Invitrogen) and 10% MSC-qualified
fetal bovine serum (Gibco/Invitrogen) until they reached 80% con-
fluence, and then passaged using 0.25% trypsin and replated at
a density of 6.03 103 cells per cm2 as passage 1MSCs. At 80% con-
fluence passage 1 MSCs were trypsinized, cryopreserved in com-
mercially available freeze medium (Invitrogen), and stored in
liquid nitrogen. Upon recovery from cryopreservation, passage
2 MSCs were cultured in separate closed incubators purged with
either 95% air and 5% CO2 (21% O2 or normoxia) or 5% oxygen,
5% CO2, and 90% nitrogen (5% O2 or hypoxia).

Colony-Forming Unit-Fibroblast Assay

CFU-F assays were performed as described by Baksh and
Tuan [43]. One hundred passage 2 MSCs were plated on 10-cm
tissue culture-treated polystyrene dishes in triplicate in growth
medium and cultured for 14 days with medium changes every
3 days. At the end of 14 days, colonies were rinsed with
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phosphate-buffered saline (PBS), fixedwith crystal violet dye in
methanol, and again rinsed with PBS to remove residual dye.
Differences in colony number were evaluated by a two-tailed
one-sample t test to block for variability between individual
human subjects.

Cell Proliferation Assays

The Click-iT 5-ethynyl-29-deoxyuridine (EdU) Alexa Fluor 647
Cell Proliferation kit (Molecular Probes, Eugene, OR, http://
probes.invitrogen.com) was used, according to the manufac-
turer’s protocol. MSCs were incubated with 10 mM Click-iT
EdU for 16 hours, fixed, permeabilized, and labeled, and EdU
was detected via flow cytometry using a FACSAria cytometer
and FACSDiva software (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com). Data were analyzed using FlowJo (Tree
Star, Ashland, OR, http://www.treestar.com). Differences in EdU
incorporation were evaluated by a paired two-tailed t test.

Proliferation was also assessed with Ki67 immunostaining.
MSCs culturedon Laboratory-Tek Permanox chamber slides (Nunc,
Rochester, NY, htpp://www.nuncbrand.com) at a density of
6.0 3 103 cells per cm2 for 48 hours were fixed with 4% para-
formaldehyde, permeabilized with 0.1% Triton X-100, and
stained with a mouse anti-Ki67 antibody (Abcam, Cambridge,
U.K., http://www.abcam.com; clone PP-67) overnight at 4°C,
a fluorescein isothiocyanate-conjugated goat anti-mouse second-
ary (Abcam), and then counterstained with Vectashield 49,6-
diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA,
http://www.vectorlabs.com). Differences in number of Ki67-
positive cells were evaluated by a paired two-tailed t test.

Metabolic Activity Assay

AlamarBlue (Invitrogen) was used to quantify MSC metabolic ac-
tivity, according to the manufacturer’s protocol. MSCs from each
condition were plated in triplicate at a density of 3.03 103 cells
per well in a 96-well plate and incubated with 10% AlamarBlue in
culturemedium for 3hours. FluorescencewasmeasuredonaBio-
Tek microplate reader. AlamarBlue solution from an empty well
and AlamarBlue solution incubated with cells overnight were
used to determine the lower and upper bounds of the assay, re-
spectively. Differences in metabolic activity were evaluated by
a two-tailed one-sample t test at 24- and 96-hour time points.

Cell Death Assays

Cell deathwasmeasured using a fluorescent LIVE/DEADViability/
Cytotoxicity Kit (Invitrogen), according to themanufacturer’s pro-
tocol.MSCs fromeach conditionwereplated in triplicate at a den-
sity of 3.03 103 cells per well in a 96-well plate and incubated for
48 hours before staining. Fluorescence of each population was
measured on a BioTek microplate reader, and differences in
live:dead ratios were determined using a paired two-tailed t test.

The DeadEnd fluorometric terminal deoxynucleotidyltransfer-
ase (TdT)-mediated dUTP nick end labeling (TUNEL) system (Prom-
ega,Madison,WI,http://www.promega.com)wasused toquantify
apoptosis, according to themanufacturer’s protocol. Briefly, MSCs
were plated on Laboratory-Tek Permanox chamber slides (Nunc),
culturedunder normoxic or hypoxic conditions, fixedwith 4%para-
formaldehyde, and permeabilized with 0.2% Triton X-100. A posi-
tive control sample was prepared by applying DNase to the
fixed, permeabilizedcells. TdT solutionwas applied to fluorescently
label nick ends ofDNA fragments, anddifferences in the number of

apoptotic cells were determined using a two-tailed one-sample t
test.

Immunophenotyping

MSCswere stained after 14 days of culture, according to themeth-
ods described in Nesti et al. [44]. A panel of standard positive and
negative MSC markers was interrogated, including CD34 (clone
563), CD44 (clone 515), CD45 (clone TU116), CD73 (clone AD2),
CD90 (clone 5E10), CD105 (clone 266), CD146 (clone P1H12) (BD
Biosciences), and Stro-1 (clone STRO-1) (BioLegend, San Diego,
CA, http://www.biolegend.com), as well as the stem cell markers
octamer-binding transcription factor 4 (Oct4) (clone 40/Oct-3),
SRY (sex determining region Y)-box 2 (Sox2) (clone 245610), ho-
meobox transcription factor Nanog (clone N31-355) (BD Bioscien-
ces), and c-Myc (clone 9E10) (Abcam). Marker expression was
measured using a FACSAria cytometer and FACSDiva software
(BDBiosciences). Isotypecontrols for eachmarkerwereusedtocal-
culateDmean fluorescence intensity for thepopulation.Datawere
analyzed using FlowJo (Tree Star), and two-tailed one-sample
t tests were used to test for differences between hypoxic and
normoxic cultures for each surface marker.

Gene Expression Assay

Reverse-transcriptase polymerase chain reaction (PCR) Super-
Arrays (SABiosciences/Qiagen, Hilden, Germany, http://www.
qiagen.com)wereused, according to themanufacturer’s protocol.
RNA was isolated fromMSCs using the RNeasy Mini-Prep Kit (Qia-
gen) and then amplified using the RT2 profiler first-strand kit
(SABiosciences/Qiagen). RT2 profiler SYBR Green master mix with
6-Carboxyl-X-Rhodamine (ROX) (SABiosciences/Qiagen) was used
to amplify cDNA on SuperArray plates with prealiquoted primers
using anABI 7900HT.All datawere analyzedusing SDS2.3 software
and the company’sweb-basedPCRArrayDataAnalysisplatform, as
well as Excel (Microsoft, Redmond, WA, http://www.microsoft.
com), Prism (GraphPad Software, San Diego, CA, http://www.
graphpad.com), and SPSS (IBM, Armonk, NY, http://www.ibm.
com). Fold regulation was determined for hypoxia, extracellular
matrix and adhesionmolecules, stem cells, osteogenesis, and apo-
ptosis pathways at 2 days and for hypoxia, extracellular matrix and
adhesionmolecules, cell cycle, and apoptosis pathways at 10 days,
and differences in D CTs were detected for each gene using two-
tailed t tests with blocking for patients where appropriate.

Enzyme-Linked Immunosorbent Assay

Secreted levels of growth factors, fibroblast growth factor 2 (FGF2),
and vascular endothelial growth factor (VEGF) in culture media, as
well as tumornecrosis factora (TNFa),werequantifiedbyenzyme-
linked immunosorbent assay (ELISA), according to the manufac-
turers’ protocols. FGF2 (Abnova, Tapei City, Taiwan, http://www.
abnova.com), VEGF, and TNFa (Pierce/ThermoFisher, Rockford,
IL, http://www.piercenet.com) ELISAs were performed on 1-day
and 3-day culture supernatants applied to precoated microtiter
plates and read colorimetrically on a BioTek microplate reader.
All samples and standards were measured in duplicate. Results
were normalized to DNA content of each culture as determined
by Picogreen assay (Invitrogen), and data were analyzed using
repeated-measures two-way analysis of variance (ANOVA), with
matchedsubjects servingas their owncontrols andBonferroni post
tests to detect differences between group means.

Boyette, Creasey, Guzik et al. 243

www.StemCellsTM.com ©AlphaMed Press 2014

http://probes.invitrogen.com
http://probes.invitrogen.com
http://www.bdbiosciences.com
http://www.bdbiosciences.com
http://www.treestar.com
http://www.abcam.com
http://www.vectorlabs.com
http://www.promega.com
http://www.biolegend.com
http://www.qiagen.com
http://www.qiagen.com
http://www.microsoft.com
http://www.microsoft.com
http://www.graphpad.com
http://www.graphpad.com
http://www.ibm.com
http://www.ibm.com
http://www.abnova.com
http://www.abnova.com
http://www.piercenet.com


Matrix Metalloproteinase Activity Assay

Matrix metalloproteinase (MMP) activity was assayed using 520
MMP Fret Substrate XI (sequence 5-FAM-P-Cha-G-Nva-HA-Dap
[QXL 520]-NH2) (AnaSpec, Fremont, CA, http://www.anaspec.
com).MSCs were plated in triplicate at a density of 3.03 103 cells
per well in a black 96-well plate and cultured for 3 days under
serum-freeconditions. Tomeasure secretedMMPactivity, twoex-
perimental medium replicates were collected without pooling
from independent cultures of cells for each patient sample and
condition. After addition of the substrate, fluorescence was mea-
sured on a BioTek microplate reader every 5 minutes over 60
minutes, and a linear fit model was used to determine the rate
of the cleavage reaction. To measure activity of retained MMPs,
520 MMP Fret Substrate XI solution was applied to the cells
remaining after collectionof conditionedmedia, andMMPactivity
wasmeasured in a similar fashion and then normalized to theDNA
content of each culture. Differences between hypoxic and nor-
moxic cultureswere detected using two-tailed one-sample t tests.

Differentiation Assays

Osteogenic differentiation was induced and assayed according to
themethods described in Boland et al. [45]. Osteogenesis was in-
duced inmonolayerMSC cultures plated at a density of 1.03 104

cells per cm2 in 6-well and 24-well plateswith osteogenicmedium
consisting of DMEM supplemented with 10% fetal bovine serum
(FBS), 50 mg/ml L-ascorbate-2-phosphate, 0.1 mM dexametha-
sone, 10 mM b-glycerophosphate, and 10 nM 1a,25-(OH)2 vita-
min D3 (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com). On day 14, alkaline phosphatase activity was detected his-
tochemically in paraformaldehyde/methanol-fixed cultures using
the Leukocyte Alkaline Phosphatase Kit (Sigma-Aldrich), accord-
ing to the manufacturer’s protocol. On day 21, osteogenic cul-
tures were rinsed with PBS, fixed in 60% isopropanol, and
stained in a 1%AlizarinRed solution (RowleyBiochemical, Danvers,
MA, http://www.rowleybio.com) to detect matrix mineralization.
For assessment of gene expression in osteogenic cultures, RNA
was collectedatday21. Forpreconditioning assays,MSCswere cul-
tured at either 5% or 21% O2 for 2 weeks in growth medium, then
trypsinized, counted, replated at 1.03 104 cells per cm2 in 24-well
tissue culture plates, and cultured in osteogenic medium, as de-
scribed above, at either the same or the opposite oxygen tension.
This resulted in four groups: preconditioned and differentiated at
5% O2 (5%–5%), preconditioned at 5% O2 and differentiated at
21% O2 (5%–21%), preconditioned at 21% O2 and differentiated
at 5% O2 (21%–5%), or preconditioned and differentiated at
21%O2 (21%–21%).Todetermine thecontributionofprecondition-
ingoxygen tension versus differentiationoxygen tension, aswell as
the interaction of these two variables, to the observed variance of
eachdependent variable tested,weused two-wayANOVA.Bonfer-
roni corrections were used to compare themeans of the two pairs
of treatment groupswith one another for each dependent variable
tested. This approachwas used for analysis of all experiments with
preconditioning.

Adipogenic and chondrogenic differentiation were induced
and assayed, as described previously by Baksh et al. [46]. Precon-
ditioning was carried out, as stated above, for osteogenic differ-
entiation. Adipogenesiswas induced inmonolayerMSCsplatedat
a density of 1.0 3 104 cells per cm2 in 6-well and 24-well plates
with adipogenicmediumconsisting ofDMEMsupplementedwith
10% FBS, 1 mM dexamethasone, 1 mg/ml insulin, and 0.5 mM

3-isobutyl-1-methylxanthine (Sigma-Aldrich). On day 21, hypoxic
and normoxic adipogenic cultures were stained with Oil Red O
stain (Sigma-Aldrich), and dye content was quantified by calculat-
ing area of positive staining in each culture across three to four
photomicrograph fields. We used the analytical approach de-
scribed in the previous paragraph to determine the contribution
of preconditioning versus differentiation oxygen tension and any
interaction.

To induce chondrogenesis,MSCswere grown as high-density
pellets (2.53 105 cells) in serum-freeDMEMsupplementedwith
ITS Premix (BD Biosciences), 50 mg/ml ascorbic acid (Sigma-
Aldrich), 40 mg/ml L-proline (Sigma-Aldrich), 100 mg/ml sodium
pyruvate (Gibco/Invitrogen), 0.1 mM dexamethasone (Sigma-
Aldrich), and 10 ng/ml recombinant human transforming growth
factor (TGF)-b3 (R&D Systems, Minneapolis, MN, http://www.
rndsystems.com). On day 28, pellets were harvested for histol-
ogy to detect total proteoglycan content via Safranin O/Fast
Green staining (Rowley) and sulfated glycosaminoglycan (sGAG)
specifically via Alcian Blue staining (Rowley). sGAG content was
quantified using the Blyscan sGAG assay (Accurate Chemical & Sci-
entific Corporation, Westbury, NY, http://www.accuratechemical.
com) andnormalized toDNA content of eachpellet.Wedeveloped
a modified scoring system for cartilage histology (supplemental
online Table 1) based on the system described in Im et al. [47]. Du-
plicatepellets fromeachpatientandconditionwere independently
scored by two investigators, and an average quality score was gen-
erated.Weused the two-wayANOVAapproachdescribedabove to
determine the contribution of preconditioning versus differentia-
tion oxygen tension and any interaction on cartilage quality score
and sulfated glycosaminoglycan (GAG) content of pellets.

RESULTS

HypoxiaEnhancesMSCColonyFormation, Proliferation,
and Metabolic Activity

CFU-F assays performed on MSCs cultured in hypoxic or normoxic
conditions showed that hypoxia enhanced colony formation (p,
.01). Hypoxic conditions increased proliferation, as shown by EdU
incorporation by (p, .05); Ki67 staining was not significantly en-
hanced by hypoxic culture. Normalized AlamarBlue assays showed
no difference in metabolic activity after 24 hours, but higher met-
abolic activity in hypoxic cultures after 96 hours (Fig. 1) (p, .01).

Hypoxia Does Not Alter Incidence of MSC Death

LIVE/DEAD assays to quantify nonspecific cell death showed no
difference in the ratio of viable to dead cells between MSCs cul-
tured in hypoxic conditions and MSCs cultured in normoxic con-
ditions. To determine whether there was any difference in cell
death because of apoptosis specifically, we performed TUNEL
staining, which showed a very low level of apoptosis in all MSC
cultures, and no difference in level of apoptosis between MSCs
cultured in hypoxia versus normoxia (Fig. 2).

Differential Gene Expression in Hypoxic MSC Cultures

We performed PCR arrays representing a number of pathways
of interest to screen for genes differentially regulated under
hypoxic versus normoxic conditions both short-term (2 days)
and in the steady state (10 days) (supplemental online Tables
2, 3).
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Hypoxic Culture Minimally Alters MSC
Immunophenotype

Flow cytometric immunophenotyping of MSCs cultured under
normoxic conditions for 2 weeks showed the cells to be CD342,
CD44+, CD45dim, CD73+, CD90++, CD105+, CD146dim, and Stro-
1dim relative to isotype controls. This differed slightly from the
immunophenotype of MSCs cultured under hypoxic conditions,
which showed no detectable CD45 expression (p = .06) or
CD146 expression (p, .01) (Fig. 3). We also performed intracel-
lular staining for the transcription factors Oct4, Sox2, c-Myc, and
Nanog. Both normoxic and hypoxic cultures were negative for all
four of these transcription factors in the samples tested.

Effects of Hypoxic Culture on MSC Growth Factor and
Cytokine Secretion

We assayed hypoxic versus normoxic cultures for differences in
growth factor secretion and TNFa secretion. ELISAs for VEGF
showed increasing VEGF secretion from day 1 to day 3 in high-
density cultures (6.0 3 103 cells per cm2), with slightly higher
overall VEGF levels in hypoxic cultures but lower VEGFproduction
per cell in hypoxic cultures after normalization to cell number. In
low-density cultures analogous to the conditions experienced by

MSCs in colony-forming assays, VEGF secretion normalized for
cell number was initially undetectable, quite high by day 3, and
then decreased over time, but it was maintained at higher lev-
els in hypoxic cultures (oxygen tension p , .0001; repeated-
measures two-way ANOVA, matched subjects serving as their
own controls). ELISAs for TNFa showed the opposite: TNFa se-
cretion was initially high in high-density cultures and dropped
by day 3, with higher TNFa secretion in normoxic cultures. In low-
density cultures, there was no difference in TNFa secretion be-
tween hypoxic andnormoxic cultures, and TNF levels at day 3were
low compared with high-density cultures (when normalized to
cell number) but increased as cell density increased, with a slight
lead in hypoxic cultures by day 12. ELISAs for FGF2 showed that
FGF2 secretionvaried significantly between samples fromdifferent
patients for high-density cultures,with a greater spread in levels of
FGF2 secretion inhypoxic cultures. In low-density cultures FGF2 se-
cretion decreased over time, but overall there was no observable
effect of oxygen tension on FGF2 secretion (Fig. 4).

Hypoxic Culture Enhances MMP Expression in MSCs

Analysis of gene expression ofMMPs showed upregulation at day
2 of several MMP genes under hypoxic conditions relative to

Figure 1. Hypoxia enhances clonogenicity, proliferation, and metabolic activity of human mesenchymal stem cells (MSCs). (A–C, E, F):MSC colony
size (A), colonynumber (B), andcellproliferationasmeasuredby5-ethynyl-29-deoxyuridine (EdU) incorporation (C)andKi67 labeling (E)andquantified
(F). AlamarBluestaining showed increased reductionof the substrate inhypoxic cultures,witha statistically significantdifferenceobserved in the4-day
cultures (D). Photomicrographs were captured at 310; scale bars = 100 mm. Significant differences of relevant comparisons are indicated: p, pp,
pvaluesof,.05and,.01, respectively.Abbreviations:CFU-F, colony-formingunit-fibroblast;DAPI, 49,6-diamidino-2-phenylindole;ns, nonsignificant.
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normoxic conditions, most notablyMMP15, with upregulation of
several others by day 10, especiallyMMP9,MMP10,MMP11, and
MMP12. Thiswas accompanied by an increase in overall tissue in-
hibitor ofmetalloproteinases (TIMP) gene expression in response
to hypoxic culture. TIMP1 expression in hypoxic cultures was ini-
tially the sameas normoxic cultures (at day2), but increasedmore
than threefold compared with normoxic cultures by day 10.
TIMP3 expression at day 2 of culturewas 24-fold higher in hypoxic
cultures than normoxic cultures and remained highly elevated at
day10. These results ledus to testMMPactivity in hypoxic andnor-
moxic cultures using a broad-spectrum activity assay. There were
no significant differences observed in membrane-bound or se-
cretedMMPactivity betweenhypoxic andnormoxic cultureswhen
the data were normalized for cell number; however, there was
a nonsignificant trend toward greater membrane-boundMMP ac-
tivity in hypoxic cultures (Fig. 5).

Hypoxia During Differentiation but Not Preconditioning
Enhances Osteogenic Matrix Mineralization

Hypoxia enhanced alkaline phosphatase staining at 14 days of os-
teogenic induction, and quantitative PCR showed increased gene
expression of osteocalcin, collagen type I, and runt-related tran-
scription factor 2 (RUNX2) in hypoxic osteogenic cultures relative
tonormoxicosteogenic cultures, inaddition tomanyothermarkers
of osteogenesis, with the exception of cathepsin K, which was

significantly downregulated (p = .01) (Fig. 6F). Two-way ANOVA
analyses were performed to examine the effect of precondition-
ing oxygen tension and differentiation oxygen tension on both to-
tal matrixmineralization andmatrixmineralization normalized to
cell number. A significant interaction between the effects of pre-
conditioning oxygen tension and differentiation oxygen tension
on total matrix mineralization could not be detected (F = 2.078,
p = .16). There was a significant main effect of differentiation ox-
ygen tension on total mineralization (F = 7.506, p = .01) but not of
preconditioning oxygen tension (F = 0.968, p = .333). Post hoc
tests (Bonferroni) of the differentiation oxygen tension effect
showed that cultures differentiated at 5% O2 yielded higher total
mineral content (p, .05), but this effectwas only apparent in cul-
tures preconditioned at 21% O2 (Fig. 6G). After normalization of
mineralization to DNA content in each culture, no significant
effects of oxygen tension could be detected (Fig. 6H).

Adipogenesis of MSCs Is Inhibited by Hypoxia

A two-wayANOVAperformed to determine theeffects of precon-
ditioning oxygen tension and differentiation oxygen tension on
adipogenesis revealed no significant interaction or main effect
of either variable, but therewasa trend forhypoxia appliedduring
differentiation to inhibit adipogenesis relative to normoxia. When
we examined the data to look at the response of individual pa-
tient samples, we observed that some samples exhibited modest

Figure 2. Hypoxia does not impactmesenchymal stem cell death and apoptosis rates. Both normoxic and hypoxic conditions generated similar
rates of cell death, as measured by LIVE/DEAD (A), and apoptosis, as measured by TUNEL staining (C), and quantified (B). Photomicrographs
were captured at34; scale bars = 500mm. Significant differences of relevant comparisons are indicated. Abbreviations: DAPI, 49,6-diamidino-2-
phenylindole; ns, nonsignificant; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling.
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adipogenic differentiation under all experimental conditions (ap-
parent differentiation relative to noninduction medium controls
but lack of responsiveness to changing oxygen tensions). If we ex-
cluded thesesubjects, theobservedeffectofdifferentiationoxygen
tension was statistically significant in cultures preconditioned in
normoxia (p, .05) (Fig. 7).

Chondrogenesis Is Enhanced in MSCs Expanded in
Normoxia and Then Differentiated in Hypoxia

Overall, hypoxic preconditioning decreased chondrogenesis of
MSCs in pellet cultures accompanied by lower cartilage quality
scores on histologic analysis. The 5%–5% condition generated ex-
tremely lowquantitiesof sulfatedGAGspercell numbercompared
with other conditions tested. MSCs preconditioned in normoxic
conditions differentiated robustly in pellet cultures under both
hypoxic and normoxic conditions (21%–5% and 21%–21%). The
21%–5% condition showed enhanced chondrogenesis compared
with the 21%–21% condition, as demonstrated by wet pellet size,
Alcian Blue staining, and Safranin-O/Fast Green staining (Fig. 7).
Two-way ANOVAs were performed to examine the effect of oxy-
gen tension during preconditioning and during differentiation
onbothcartilagequality scoreand sulfatedGAGcontentofpellets.
There was a significant interaction between the effects of precon-
ditioning O2 and differentiation O2 on cartilage quality score
(F = 5.367, p = .023). Therewas a significantmain effect of precon-
ditioning O2 on cartilage quality score (F = 4.110, p = .046) but not
of differentiation O2 (F = 0.827, p = .366). Post hoc tests of the pre-
conditioning effect showed that MSCs preconditioned at 21% O2

generated pellets with higher cartilage quality scores when differ-
entiatedat5%O2 (p, .01), but thepositiveeffect ofprecondition-
ing at 21%O2was lostwhen the pelletswere differentiated at 21%
O2 (p. .05) (Fig. 7F). There was also a significant interaction be-
tween the effects of preconditioning O2 and differentiation O2 on
sulfatedGAG content of the pellets (F = 8.642, p = .006). Therewas
a significantmain effect of differentiationO2 on sulfatedGAG con-
tent (F = 14.50, p = .0006) but not of preconditioningO2 (F = 2.458,
p = .126). Post hoc tests of the differentiation O2 effect showed
that MSCs preconditioned at 5% O2 produced significantly more
sulfated GAGs when subsequently differentiated at 21% O2

(p, .0001), whereas MSCs preconditioned at 21% O2 were able
to generate a large quantity of sulfated GAGs whether they were
differentiated at 5% O2 or 21% O2 (p. .05) (Fig. 7G). In mono-
layer chondrogenic culture, hypoxia had no discernible effect
(supplemental online Fig. 1).

DISCUSSION

Weobserved hypoxia-enhancedMSC clonogenicity in all samples
tested. Hypoxia-enhanced proliferation of MSCs was accompa-
nied by no detectable change in cell death. Of note, all of our pro-
liferation experiments were conducted in high-glucose culture
medium supplemented with serum. MSCs have been previously
reported to bemore sensitive to oxygen deprivation in the face of
concurrent nutrient deprivation [48, 49].

We used PCR arrays to screen for signaling pathways related to
colony formation, which might be perturbed by hypoxia. We ob-
served small but significant changes in several genes,manywith in-
teresting connections to regulation of Wnt/b-catenin signaling,
which is critical for maintenance of stemness in adult and embry-
onic stem cell populations [50]. After 2 days of hypoxic culture,
among those transcriptsdifferentially regulatedwere the following
upregulated transcripts: glucose-6-phosphate isomerase/autocrine
motility factor (GPI) and MMP8, and downregulated tran-
scripts: CDH1 (E-cadherin), CTNNA1 (a-catenin), APC, SMAD2,
and SMAD3, all of which are connected in regulation of epithelial-
to-mesenchymal transition and canonical Wnt signaling through
modulation b-catenin trafficking and signaling, either directly or

Figure 3. Effect of hypoxia onmesenchymal stem cell immunophe-
notype. (A): Immunophenotype under normoxic (left) and hypoxic
(right) conditions. Histograms are from one representative donor;
isotype controls are represented as gray curves, stained samples
as black curves. (B): Quantitation of surface marker expression,
shown as DMFI. Data plotted are from three distinct donors; error
bars represent SD. Significant differences of relevant comparisons
are indicated: ‡, pp, p values of .06 and,.01, respectively. Surface
marker designations are as defined by Human Cell Differentiation
Molecule/Human Leukocyte Differentiation Antigens nomencla-
ture, and intracellular markers are listed as defined by the HUGO
Gene Nomenclature Committee. Abbreviation: MFI, mean fluores-
cence intensity.
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through release or increase of cell adhesions. GPI has been shown
to promote degradation of b-catenin but also to enhance its ex-
pression and nuclear translocation [51]. Downregulation of E-
cadherin, a-catenin, and APC, all known to inhibit nuclear translo-
cation and signaling of b-catenin [52–55], also suggests enhanced
Wnt/b-catenin activity at this time point. Downregulation of
SMAD2 and SMAD3, both of which enable b-catenin coactivation
in response to TGFb signaling and vice versa [56–60], suggests that
cross-talk between TGFb and Wnt signaling pathways is playing
a less important role in directing cell fate after brief (2-day) expo-
sure of undifferentiatedMSCs to hypoxia. After 10 days of hypoxic
culture, none of these specific genes continued to be significantly
differentially regulated in hypoxic versus normoxic cultures, sug-
gesting they are differentially regulated as the cell re-establishes
homeostasis. In the case of MSCs, this is most likely achieved
throughmetabolic conversion to a largely glycolytic phenotype; in-
duction of this phenomenon, known in cancer biology as theWar-
burg effect, can bemediated throughWnt orb-catenin activation,
either in combination or with other signaling partners [61–63]. At
that point, however, when the cells are at or approaching a steady
state,weobserveddifferential regulationofdifferent actors shown
to impact the same signaling pathway, namely the following upre-
gulated transcripts: IGFBP1, an inhibitor of b-catenin, VEGFA,
CDC2, SPARC, and downregulated transcripts: HIF1A, TNFRSF21
(DR6), CDKN1A, CUL1, and HIF1AN. HIF1A was downregulated in
long-termhypoxic culture relative tonormoxia; regulationofHIF1A
in hypoxia has been shown to occur as a result of altered redox sta-
tus of the cell [64–66]. This would suggest that in the absence of
caloric restriction, MSCs readily adapt to hypoxic conditions and
are able to establish redox homeostasis.

In longer-term cultures we also observed significant upregula-
tion of leptin. Hypoxia has been shown to induce leptin expression
in multiple cell types, including preadipocytes and MSCs [67, 68].
Leptin has a somewhat cryptic role in influencingMSC fate, as a re-
sult of its distinct systemic versus local activities and disparate
effectsondifferentmesenchymal cell types,but isgenerally thought
to serve as a regulatory link between fat andbone,with secretionof
leptin by fat serving to protect bone through maintenance of min-
eralization [69]. Leptin has been shown tomaintain peripheralmes-
enchymal progenitors in an undifferentiated state but to also
promote mineralization in differentiated osteoblasts [70].

Analysis of the effect of hypoxia on immunophenotype of
MSCs showed low-level CD45expressiononMSCs cultured innor-
moxic conditions,whereas hypoxia appeared tomaintainMSCs in
culturewith no CD45 expression.MSC fractions have been shown
to have lowCD45 and lowCD146expression directly after harvest
from bone marrow [71, 72], and MSCs can be induced to express
CD45 after epigenetic modification using 5-aza-29-deoxycytidine
[73].MSCs cultured under normoxic conditions expressedCD146,
as expected; however, MSCs cultured under hypoxic conditions
were negative for CD146, a known pericyte marker. This finding
has been observed by others, with CD146 expression in CFU-Fs
correlating with in situ localization to the endosteal versus peri-
vascular space and induction of CD146 expression upon ex vivo
culture in normoxic conditions [72]. Taken together, these find-
ings regarding CD45 and CD146 expression suggest that during
in vitro culture hypoxia maintains an MSC immunophenotype
more akin to what would be observed in vivo in the bonemarrow
or in avascular cartilaginous tissues than does normoxia. CD146
negativity has been associated with increased chondrogenic

Figure 4. TNF and growth factor secretion by mesenchymal stem cells in normoxic and hypoxic cultures. (A–C): TNFa secretion (A), VEGF se-
cretion (B), and FGF2 secretion (C) in high- and low-density cultures. All data are normalized to cell number. Error bars represent SEMcomputed
on three to five biologic replicates (distinct donors). Significant differences of relevant comparisons are indicated: p, pp, ppp, pppp, p values of
,.05,,.01,,.001, and,.0001, respectively. Abbreviations: FGF2,basic fibroblast growth factor; TNFa, tumornecrosis factora; VEGF, vascular
endothelial growth factor.
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potential in adult stem cells [74] and other chondrogenic progen-
itor populations [75].

Differential expressionofgenes related togrowth factor signal-
ing and inflammatory signaling prompted our investigation of
growth factor andTNF levels in themedium. In low-density cultures
recapitulating the environment of a colony-forming assay, we ob-
servedhigherVEGF levels inhypoxic culturesover time,whichmost
likely contributed directly to enhanced colony formation in hypoxia
through its regulation of proliferation. In high-density cultures, we
observed slightly higher overall VEGF levels in hypoxic cultures but
lower VEGF production per cell in hypoxic cultures after normaliza-
tion to cell number of the culture, suggesting that VEGF secretion in
MSC culture is tightly regulated beyond a critical threshold. VEGF
secretion in MSCs was enhanced by hypoxia in several studies
[76], and hypoxia has been shown both to induce expression of
and increase the half-life of VEGF mRNA [77]. VEGF secretion has
been shown to be attenuated in hypoxic cultures by the presence
of high glucose concentrations [49], whichmay explainwhy the ob-
served effect in this study was not more pronounced.

Although we observed increased expression of MMP genes
and TIMP genes with hypoxia, there was no increase in MMP ac-
tivity in supernatants from hypoxic cultures. When we looked at
MMPs retained on the cell surface and in the extracellular matrix,
slightly higher overall MMP activity was observed in hypoxic cul-
tures. This would suggest that MSCs are in a matrix-stabilizing
state in normoxic cultures and that hypoxia may be a stimulus
for matrix turnover, enabling cell migration and contributing to
colony expansion but with continued tight regulation of matrix
metalloproteinase activity.

Application of hypoxia to osteogenic cultures during differen-
tiation yieldedmoremineralized tissue but nomoremineral depo-
sition per cell in the tissue. Thiswould suggest that hypoxia is useful
for tissue engineering of bone ex vivo but from a cell biology per-
spective does not necessarily enhance the osteogenic potential
of an individualMSC. It is possible that alkalinephosphataseactivity
was higher in hypoxic cultures as an indication of preserved stem-
ness or of enhanced osteogenic differentiation; other groups have
shown that levels of alkaline phosphatase activity are not propor-
tional to observed mineralization levels in in vitro osteogenesis
assays [78]. When we looked closely at gene expression data from
osteogenic cultures,wenoticed thatosteogenic inductionwithsup-
plemented medium upregulates cathepsin K expression relative to
undifferentiatedMSCs.Thiseffect isnullifiedbytheadditionofhyp-
oxia, which downregulated cathepsin K expression in all patient
samples tested to the level of undifferentiated cultures (Fig. 6).
Boskey et al. [79] reported that in a chick limb-bud mesenchymal
micromass culture system, decreasedmineral depositionwas seen
upon pharmacological inhibition of cathepsin K during early stages
of matrix mineralization. They proposed amechanismwhereby re-
ducedproteoglycancatabolismintheextracellularmatrix in theset-
ting of cathepsin K inhibition results in inhibited hydroxyapatite
formation.

Hypoxic preconditioning did not enhance osteogenesis, as in-
dicated by Alizarin Red quantification ofmatrixmineralization, ei-
ther in total or when normalized to DNA content. Analysis of the
differentiation oxygen tension revealed that our hypoxic cultures
were mineralized to the same degree as our normoxic cultures
(per cell), but with a higher number of cells present. This would

Figure 5. Effect of hypoxia onMMPexpression and activity. (A): Fold regulation ofMMP and TIMP gene expression inmesenchymal stem cells
under hypoxic conditions relative to normoxic conditions. Black: upregulated MMPs. Gray: upregulated TIMPs. White: downregulated MMPs
andTIMPs. Dashed line indicates a fold change of 1. (B):Membrane-bound and secretedMMPactivity. Error bars represent SEM.Abbreviations:
MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases.
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suggest that matrix mineralization either starts later in hypoxic
cultures or is less efficient per cell. The fact that this effect was
significant only after preconditioning in normoxia suggests that
there is in fact an interaction effect of preconditioning and differ-
entiation oxygen tensions but that the effect was not great
enough to be detected in this study.We conclude that expanding
cells in normoxic conditions and then differentiating in hypoxia
generates the highest total mineral content, although this result
mustbe interpretedwith cautionbecause an increased rateof cell
death can also enhance mineral deposition in two-dimensional
(2D) cultures [80].

It is likely that 2D invitroassaysofosteogenesis givean incom-
plete picture of MSC osteogenic potential. Multiple studies have
demonstrated that hypoxia enhances osteogenesis in 3D in vitro
culture, includingonestudy inwhich theauthors directly compared

3D with 2D cultures and found no enhancement with hypoxia in
2D [81, 82]. However, another recent study evaluated the effect
of hypoxia on osteogenesis in 3D culture and found no enhance-
ment [83]. Increased oxygenation by delivery with perfluorotribu-
tylamine has been shown to enhance osteogenesis in a 3D in vivo
model [84], yet another study examining in vivo osteogenesis in
hypoxic (13%), normoxic (21%), or hyperoxic (50%) conditions
found that no condition significantly improved early osteogenic
or chondrogenic differentiation in a fracture-healing model [85].
Preconditioning MSCs in hypoxia ex vivo before implantation into
a rabbit calvarial defect model resulted in improved bone forma-
tion compared with normoxic preconditioning [86]. Similar results
have been achieved using hypoxic preconditioning before Achilles
tendon repair with MSCs in a rat model [87]. It is difficult to deter-
mine the effect of ex vivo hypoxic preconditioning using in vivo

Figure 6. Effects of hypoxia onmesenchymal stem cell osteogenesis. (A, C, D): Alizarin Red (A), staining quantified (C), and normalized to DNA
(D). (B): Alkaline phosphatase. (E, F): Expression of osteogenic markers (E) and osteogenesis-associated genes (F). Black line indicates a fold
regulation of 1; pink lines define fold regulation of 23 to 3. Effect of hypoxic preconditioning: Alizarin Red quantitation (G), normalized to
DNA (H). Significant differences of relevant Bonferroni comparisons are indicated: p, p value of ,.05. Images of the cultures were obtained
at31 and are representative of three donors tested. Error bars represent SEM. Gene abbreviations are as defined by the HUGO Gene Nomen-
clature Committee. Abbreviations: Alk Phos, alkaline phosphatase; diff, differentiation culture oxygen tension; pre, preconditioning oxygen
tension.
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studiesofdifferentiationbecauseof theenhancedsurvival andpro-
liferation conferred on MSCs by hypoxic preconditioning, which
may account for their enhanced function in critical defects and
ischemia models, rather than increased differentiation potential
per se.

It is also possible that conflicting reports exist in the literature
regarding molecular events associated with hypoxia and osteo-
genesis because of inappropriate selection of housekeeping
genes/proteins. GAPDH, for example, is commonly used as a
housekeeping gene in these studies despite the fact that it is dif-
ferentially regulated in hypoxic versus normoxic conditions [88].

Therewas a trend for adipogenesis to be inhibited under hyp-
oxic conditions, which is consistent with the findings of most
other groups. TheHIF-1a-regulated geneDEC1(STRA13) has been
shown to repress PPARG, thereby transducing oxygen sensing as
a signal for suppression of adipogenesis [89, 90]. Preconditioning
with hypoxia also appeared to suppress adipogenesis even when
MSC cultures were switched to normoxia for differentiation.
However, it should be noted that the effects of oxygen tension
on adipogenesis were patient sample-dependent and, as a result,
not statistically significant in our study.

Upon histological examination of chondrogenesis in pellet
culture, we observed internal heterogeneity at 5% O2, with obvi-
ous cartilage formation in patches and fibrous matrix deposition

lacking proteoglycans in other areas. Despite this patchy differen-
tiation, sGAG content was still higher overall when normalized to
DNA content of the pellet compared with normoxic pellets, sug-
gesting that there was a higher rate of cell death in hypoxic pel-
lets, but the surviving cells differentiated robustly. This is perhaps
because of uneven oxygen diffusion within the 3D pellet culture.
To further assess these results,weperformed amonolayer screen
for chondrogenic potential in hypoxic versus normoxic MSC cul-
tures. Chondrogenesis was poor in all monolayer cultures, con-
sistent with the findings of others [91]. Alcian Blue staining,
quantified after guanidine-HCl extraction, was not different after
normalization to DNA content of the culture. Markway et al. [30]
have shown enhanced chondrogenesis with hypoxia in micropel-
let cultures, in which oxygen concentration is more consistent
throughout the pellet. Although that model is excellent for
addressing theproblemof gas andnutrient distribution in thepel-
let, its obvious limitation is that for tissue-engineering purposes
we would like to study larger pieces of cartilage in culture rather
than smaller ones.

For chondrogenic differentiationwe found that the best over-
all results were obtained by expanding MSCs in normoxic condi-
tions and then performing pellet culture with chondrogenic
induction medium in hypoxic conditions. This approach has been
practiced in many laboratories based on the empiric finding that it

Figure7. Hypoxia inhibits adipogenesis but enhances chondrogenesis. Adipogenesis:Oil RedO-stainedaccumulated intracellular lipiddroplets
(A), and staining quantified (B). Photomicrographs were captured at310 . Chondrogenesis: wet pellet (C), Alcian Blue (D), and Safranin-O/Fast
Green (E). Photomicrographswere capturedat34; scalebars=200mm. (F,G):Effect ofhypoxicpreconditioningoncartilagequality score (F)and
content of sulfated GAGs (G). Significant differences of relevant Bonferroni comparisons are indicated: p, pp, pppp, p values of,.05,,.01, and
,.0001, respectively. Abbreviations: diff, differentiation cultureoxygen tension;GAG, glycosaminoglycan; pre, preconditioning oxygen tension.

Boyette, Creasey, Guzik et al. 251

www.StemCellsTM.com ©AlphaMed Press 2014



works, but pellet cultures from some patients developed severely
hypoxic cores (supplemental online Fig. 1). It is possible this ap-
proach could be improved with the application of a flow-
perfusion bioreactor to optimize diffusion of oxygen and nutrients
throughout the pellet. In all cases, preconditioning with hypoxia
failed to enhance chondrogenesis and, in most subjects, signifi-
cantly inhibited it.Whenwe considered these results in the context
ofourMMPexpressiondata, thepossibilityemergedthatenhanced
chondrogenesis inhypoxia ismediated, at least inpart, through reg-
ulation ofMMP activity. It has been established thatMMP produc-
tion is critical for progression through chondrogenicdifferentiation,
both in the growth plate and in pellet culture [92–96]. Dose-
dependent disruption of chondrogenic differentiation of MSCs in
pellet culture has been demonstrated with application of pan-
MMP inhibitors [96]. Whereas we did not directly analyze matrix
turnover in cartilage pellets, a significant increase in MMP activity
was not observed with hypoxia in conditioned medium, al-
though increased MMP transcription and MMP accumulation
inmatrix were detected.We observed no differential regulation
ofADAMTS1,8, or13withhypoxic versus normoxic culture (data
not shown). Overall, this suggests hypoxia-mediated protease
secretion may influence matrix accumulation by modulating
growth factor activity and matrix molecule processing, particu-
larly in early chondrogenesis, when others have shown MMPs
are required for differentiation. Extremely low oxygen tension
may detrimentally impact matrix accumulation through unreg-
ulated high matrix protease activity leading to matrix degrada-
tion, which becomes evident later in chondrogenic pellet
culture.

Interestingly, HIF1A was slightly but consistently downregu-
lated over time in our long-term hypoxic cultures (10 days), at
which time we saw more dramatic upregulation of MMP genes,
as well as TIMP1 and TIMP2, in hypoxic cultures compared with
normoxic cultures, than was observed at day 2. Thus, MMP activ-
itymay be tightly controlled by the concurrent hypoxia-mediated
increase in protease inhibitors. Previous data from our group in-
dicate thatMSCsoverallmaintain amatrix-protectiveMMP/TIMP
secretion profile even in the context of stressors like hypoxia and
inflammatory cytokines, which is consistent with the findings
from this study [97].

CONCLUSION

Mesenchymal stem cells display context-specific responsiveness
to hypoxia as a differentiation cue during development and tissue
repair. The existing conflicts in the literature regarding the effects
of hypoxia onMSCdifferentiation potentialmost likely stem from
differences in cell culturemethodology between laboratories and
the specific models used to test effects on differentiation, as well
as how differentiation is defined and measured. Oxygen tension
should be carefully considered as a variable when culturing cells
for tissue-engineering applications. Our study conclusively dem-
onstrates that expansion ofMSCs in normoxic culture followed by
application of hypoxia during chondrogenic differentiation is
a useful technique for enhancing ex vivo chondrogenesis.
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